Employing deuterium-substituted compounds, paramagnetic (electron-spin) resonance spectroscopy was used to identify the trapped radical on irradiation of crystalline glycolic acid1 as carboxyhydroxymethyl, HOCHCO2H. Data obtained in a paramagnetic resonance study of irradiation damage in crystalline carbohydrates exposed to ionizing radiations were reported previously2 but allowed few structural conclusions to be drawn as to the nature of the stable free radicals formed. In continuation of this work, we have studied the electron-spin resonance spectra of other irradiated crystalline sugars and are now able to identify more closely the probable nature of some of the stable free radicals formed on the irradiation of carbohydrate materials.
Employing deuterium-substituted compounds, paramagnetic (electron-spin) resonance spectroscopy was used to identify the trapped radical on irradiation of crystalline glycolic acid1 as carboxyhydroxymethyl, HOCHCO2H. Data obtained in a paramagnetic resonance study of irradiation damage in crystalline carbohydrates exposed to ionizing radiations were reported previously2 but allowed few structural conclusions to be drawn as to the nature of the stable free radicals formed. In continuation of this work, we have studied the electron-spin resonance spectra of other irradiated crystalline sugars and are now able to identify more closely the probable nature of some of the stable free radicals formed on the irradiation of carbohydrate materials.
Experimental. -Powdered crystalline samples of /3-maltose monohydrate, /3-cellobiose, a,ca-trehalose, raffinose, /3-D-glucuronic acid and a-D-galacturonic acid monohydrate were sealed in the presence of air in tin cans and exposed to gamma radiation in doses of 5 megarads each. The radiation was provided by the 100,000 curies fuel element gamma ray source located at the Argonne National Laboratory.
This source consists of a number of fuel elements placed in a rack. The samples were placed in the rack in order to be irradiated. The irradiated samples were stored (for 6 months) in a deep freeze (-15°) before and throughout the investigation, but during the irradiation, the temperature was that of the source. In transit, the samples were kept at ambient-air temperature.
The spectrograph employed in this investigation consisted of an X-band Klystron operating at constant frequency (v = 9317 Mc/sec.), controlled by a secondary frequency standard monitored by WWVV. Small amounts of each of the irradiated powdered samples were placed in melting point capillary tubes (100 X 2.0 mm). The samples were mounted in a reflection quartz resonant cavity, situated between the six-inch diameter poles of an electromagnet supplying a strong magnetic field. This magnetic field could be varied by means of a clock drive attached to a potentiometer in the magnet power supply. The magnetic field modulation at 2,000 cycles/sec. was provided by means of two small coils mounted on the pole faces of the magnet. A lock-in amplifier was employed, so that the trace displayed on the recorder chart was the first derivative of the absorption signal. The magnetic field was homogeneous to within 1 gauss over the sample size used. f3-D-Glucuronic acid and a-D-galacturonic acid monohydrate gave signals which were ten times stronger than those obtained from the other carbohydrates. In order to obtain more information about the nature of radicals formed from the irradiated carbohydrates of similar structure, samples of irradiated (3- Discussion.-Irradiated fl-D-glucuronic acid gave a spectrum consisting of a single peak of high intensity. The g-factor, which is calculated from the center of the spectrum, is equal to 1.996 i 0.003 (Fig. 1, A) . The width of the resonance line is 13 ±-2 gauss. Absence of an associated hyperfine structure indicates that the unpaired electron is not interacting with any neighboring hydrogen atoms. Elimination of a hydrogen atom from C5 of the D-glucuronic acid molecule would yield a radical (I) which fits the observed spectrum. This radical could be stabilized by resonance interactions with the carboxyl group as illustrated. Another possible, but less likely radical, consistent with the observed spectrum, is that in made between I and II as the stable radical observed in irradiated 13-D-glucuronic acid. However, to the best of our knowledge there is no evidence for the existence of species such as II as stable, long-lived radicals, and it is believed that species of this type would very readily lose carbon dioxide. These postulations, along with the evidence for the production of the carboxyhydroxymethyl radical in irradiated glycolic acid' lead us to believe that I is very probably the radical observed in the electron spin-resonance spectrum of irradiated -D-glucuronic acid. Other radicals consistent with the observed single peak would be those in which a hydrogen atom has been removed from any of the remaining carbon atoms in the D-glucuronic acid molecule. However, the simplicity of the D-glucuronic acid spectrum, compared with that obtained for irradiated D-glucose,2 suggests that the radical observed for irradiated D-glucuronic acid is probably associated with the structural differences between the uronic acid and the simple sugar. D-Glucuronic acid differs from Dglucose only at C6, where the hydroxymethyl group of D-glucose has been replaced by a carboxyl group.
Irradiated a-D-galacturonic acid monohydrate gave a spectrum with an intense peak with a g-value equal to 1.996 ± 0.002 (Fig. 1, B) . The width of the main resonance line is the same as that observed for /3-D-glucuronic acid. In addition to the single intense peak, several small peaks were observed. These peaks do not appear to be part of a hyperfine structure associated with the main resonance peak, and probably indicate the presence of more than one free radical. It should be recalled that in addition to configurational differences, between D-glucuronic acid and D-galacturonic acid, the latter has associated with it one mole of water of hydration, It is suggested that the main free radical present in irradiated a-D-galacturonic acid monohydrate is similar to that obtained for irradiated /-Dglucuronic acid. Based on the same arguments used in interpreting the spectrum obtained for D-glucuronic acid, it is suggested that III is the main radical being (Fig. 2, A) . A single intense line was observed. This peak was very similar to the principal resonance lines of the spectrum of each of the irradiated acids.
The peak signal (Fig. 3, A) (Figs. 4, A and 4, B) . In each one of them there seems to be a clear indication of splitting into a hyperfine structure doublet.
This splitting is barely resolved. It is not possible to arrive at a value for (Algf)
but it appears to be less than 5 gauss. Again this would indicate interaction of the magnetic moment of the unpaired electron with that of a single proton. The electron-spin resonance spectrum of a mixture (1:1 by weight), of irradiated maltose-irradiated cellobiose (Fig. 2, B) shows a hyperfine structure centered at 9 = 1.996 + 0.003. The separation of the lines is within about 7 gauss. The observed spectrum indicates that the trapped free radicals present in irradiated maltose and cellobiose are probably similar.
Hydrolysis (glycosidic cleavage) of disaccharides, as a result of irradiation in aqueous solution, has been observed in this Laboratory.3 4 Whether or not the observed hydrolysis is due to direct attack by irradiation, or indirectly by the attack of irradiated water fragments, has not been proved. If the observed effect is by direct action of the ionizing radiation, then a radical formed at the glycosidic linkage would be expected. The D-glucopyranosyl radical V could be formed in This radical is consistent with the observed spectrum in each case (Figs. 3, B,  4, A and 4, B) .
The electron-spin resonance spectrum obtained from irradiated O-a-D-galacto- Figure 3 , B, is rather similar to those obtained from the irradiated disaccharides. There seems to be a slight indication of splitting into a hyperfine structure doublet.
This splitting is just barely resolved. The (Ajg(3) appears to be less than 5 gauss.
Again this would indicate interaction of the magnetic moment of the unpaired electron with that of a single proton. The structure of the trisaccharide raffinose is considerably more complex than that of the irradiated disaccharides, yet the spectrum of irradiated raffinose is similar to that observed for the irradiated disaccharides. It is suggested that, as for the disaccharides, the radical is formed at the glycosidic bonds in raffinose. It is noted that hydrolysis was observed when aqueous solutions of raffinose were irradiated.3
The radicals formed in all the irradiated cystalline carbohydrates are stable in air. In most postulated radicals the unpaired electron is located either on the potential carbonyl group or on the carbon atom next to the carbonyl group. This is in agreement with the observation of Rexroad and Gordy' that the carbonyl group, in some manner, prolongs the stability of the radicals.
The above interpretation of the electron-spin resonance spectra obtained from the gamma ray irradiated carbohydrates could be applied to the interpretation of the spectrum obtained from the X-ray irradiated 2-amino-2-deoxy-a-D-glucopyrancse hydrochloride2 (a-D-glucosamine hydrochloride). The irradiated a-Dglucosamine hydrochloride spectrum consists of five equally spaced lines separated by 18.5 gauss. One possibility is that this spectrum consists of a hyperfine structure due to the unpaired electron coupling nearly equally with two portons and a nitrogen, as suggested previously.2 The resulting spectrum could be considered as a triplet with hyperfine components of equal intensity due to splitting by N'4; each component of the triplet would be further split into a triplet with hyperfine components with intensity ratios 1:2:1 produced by an interaction with two protons. If the splittings produced by N14 and the two protons were nearly equal, the intensity ratio of the resulting hyperfine lines would be 1:3:4:3:1. To make an estimation of the relative intensities of the five lines the first derivative record was integrated. Although the observed five lines were not completely resolved, the estimation made seemed to indicate that the ratio of the relative intensities was approximately 1:3:4:3:1 in accord with the proposed splitting mechanism. Although the nuclear magnetic moment of N 4 is much smaller than those of the protons, nearly equal coupling might result if the electron were closer to the N14 nucleus than to the protons. The experimental evidence2 in correlation with results reported in this paper would suggest that one of the stable free radicals present in the X-rav irradiated 2-anmino-2-deoxy-a-D-glucopyranose hydrocloride could be VI. is interesting to note that terminal primary hydroxyl groups are preferentially attacked when aqueous solutions of hexitols are subjected to ionizing radiation.3 Summary.-A number of carbohydrate substances were exposed to gamma radiation and their paramagnetic resonance spectra were studied.
The extreme simplicity of the spectra for j8-D-glucuronic acid and a-D-galacturonic acid monohydrate allows a reasonable postulation to be made as to the structure of the stable free radicals present in these uronic acids.
The relative simplicity of the spectra obtained from irradiated /3-maltose monohydrate, fl-cellobiose, a, a-trehalose and raffinose further allows postulations to be made concerning the radicals formed on irradiation of these oligosaccharides.
On the basis of this work and published data, structures of the free radicals present in irradiated 2-amino-2-deoxy-a-D-glucopyranose hydrochloride, erythritol, and D-threitol are postulated. 
